A standing problem in neutrino physics is the consistent and universal definition of oscillating neutrino states as coherent superpositions of massive neutrino states. This problem is solved in a quantum field theoretical framework of neutrino mixing developed in analogy with the NambuJona-Lasinio model for the dynamical generation of nucleon masses. The massive neutrino states are Bogoliubov quasiparticles and their vacuum is a condensate of "Cooper pairs" of massless flavour neutrinos. Their superpositions as oscillating neutrino states have inbuilt coherence by construction. In Standard Model, neutrinos are massless and carry a U (1) global quantum number called flavour. For each family of leptons (electron, muon and tau-lepton and their corresponding neutrinos), family flavour number is conserved. This conservation also implies that, for example, if an electron neutrino is produced in a process, it will always be detected as electron neutrino. The neutrinos of Standard Model are immutable due to the flavour conservation. In contrast, when we allow the neutrinos to mix and become massive, family flavour number oscillates between the production and detection, and a particle produced as muon neutrino may be detected as electron neutrino.
The discovery of neutrino oscillations [1] is the most prominent achievement of physics beyond the Standard Model. This phenomenon signals the fact that neutrinos are massive and they mix, in contrast with the Standard Model massless neutrinos. Neutrino oscillations were predicted long ago [2, 3] and their standard theoretical description has been developed in the framework of quantum mechanics [4] [5] [6] [7] [8] [9] . Massive neutrinos bring about other puzzling questions, regarding their nature as Dirac or Majorana particles (see, for example, [10] ). Plausible mechanisms of leptogenesis indicate the massive neutrinos, of either Majorana [11] or Dirac type [12] , as responsible for the baryonic asymmetry of the Universe.
In Standard Model, neutrinos are massless and carry a U (1) global quantum number called flavour. For each family of leptons (electron, muon and tau-lepton and their corresponding neutrinos), family flavour number is conserved. This conservation also implies that, for example, if an electron neutrino is produced in a process, it will always be detected as electron neutrino. The neutrinos of Standard Model are immutable due to the flavour conservation. In contrast, when we allow the neutrinos to mix and become massive, family flavour number oscillates between the production and detection, and a particle produced as muon neutrino may be detected as electron neutrino.
For simplicity and clarity of the exposition, we shall consider throughout this Letter the mixing of two families of Dirac neutrinos. The extension to three families is straightforward. Majorana neutrinos can be treated as well by the procedure described below. In the standard quantum mechanical treatment the oscillating neutrino states, customarily called "flavour states", are represented as unitary superpositions of massive neutrino states, |ν e = cos θ|ν 1 + sin θ|ν 2 , |ν µ = − sin θ|ν 1 + cos θ|ν 2 .
(1)
where |ν e and |ν µ represent the electron and muon neutrino states, and |ν 1 and |ν 2 represent the massive neutrino states, with the masses m 1 and m 2 , while θ is the mixing angle. Having different dispersion relations, the propagating massive states develop a time-dependent phase difference, such that an electron neutrino is turned, after a macroscopic distance of propagation, into a muon neutrino. The standard oscillation probability, in the approximation that neutrinos are ultrarelativistic, is
where E is the energy of the neutrinos in the beam and L is the distance between the neutrino production and detection points [5] [6] [7] [8] [9] . The drawback of the quantum mechanical formalism is that the neutrino production and absorption processes cannot be included, since the formalism relies essentially on the constancy of the number of particles. Moreover, all the interactions of the neutrinos are described by the Standard Model, therefore a consistent treatment of all the aspects of propagation, oscillation and interaction has to be done within a quantum field theoretical framework.
In Standard Model, the massless neutrino fields ψ ν l , with l = e, µ interact with the conservation of U (1) lepton family number, for example,
where
2 , e(x) and µ(x) are the electron and muon fields and W µ is the field of the W ± gauge bosons. The fields ψ ν l are called with good reason flavour neutrino fields. The basis of the quantum field theoretical treatment of neutrino oscillations is to consider the Standard Model interaction terms and replace the fields ψ ν l by the mixed neutrino fields Ψ ν l , whose quadratic Lagrangian reads:
Upon diagonalization, (4) becomes
with the electron and muon neutrino fields being expressed as mixings of the massive neutrino fields as
where tan 2θ = 2m eµ m µµ − m ee (7) and
The quanta of the fields Ψ 1 and Ψ 2 represent the primary excitations of the system, i.e. massive neutrino states. However, the combinations Ψ νe and Ψ νµ are the ones that participate in the interactions, therefore the Lagrangian of interaction (3) has to be written in terms of them, and by using (6), we arrive at
As it stands, the Lagrangian composed of (9) and (5) can be easily quantized, leading to two massive neutrinos interacting both with the electron and the muon. The notions of electron or muon neutrino are completely erased and family lepton number cannot be defined anymore. Moreover, there is no special identity given to certain superpositions of massive neutrino states, therefore no oscillation.
If we are to speak about neutrino oscillations, we have to be able to define the oscillating neutrino states, which should be associated to the fields Ψ νe and Ψ νµ . (Such states are customarily called in the literature "flavour neutrino states", but we shall avoid this terminology because they do not have definite family flavour number. Instead, we reserve the term of flavour states solely for the Standard Model neutrinos.) It is clear from the construction that these fields do not admit their own creation and annihilation operators, because they are not in definite representations of the Poincaré group. It is therefore necessary to develop a prescription for assigning states to the fields Ψ νe and Ψ νµ .
One ingenious proposal in the literature has been to define the oscillating neutrino states phenomenologically, by the production or detection process in which they take part [13] [14] [15] [16] . In this approach, it is postulated that the massive neutrinos are emitted or absorbed coherently, and the coefficients of their superposition are the matrix elements of the neutrino production/detection process. As a result, the oscillating neutrino states are processdependent, though in the ultrarelativistic limit (which is the only limit in which neutrino oscillations are observed [36] ), they reduce to the "standard flavour states" of the form (1). An alternative quantum field theoretical approach is to consider the oscillating neutrinos only in intermediate states, as virtual particles [17, 18] (for reviews, see [19, 20] ), thus eliminating the need for defining flavour neutrino states. This solution is somewhat unnatural, in view of the macroscopic distances travelled by the oscillating neutrinos. An attempt to construct a Fock space of flavour neutrino states [21] (see also [22] and references therein) has been ruled out in Ref. [23] , by proving that the resulting flavour states are unphysical.
In this Letter, we propose a novel viewpoint for the definition of oscillating neutrino states, which are universal in nature and coherently emitted and absorbed by definition, not by postulate. These states inherit a hint of the family flavour quantum number from the Standard Model neutrino fields, which is actually their guaranty of universality. The quantization prescription we propose is inspired by the Bardeen-Cooper-Schrieffer theory [24] in Bogoliubov's treatment [25] , or by the Nambu-JonaLasinio model [26] , with a twist due to the mixing of states. The analogy does not include the spontaneous symmetry breaking. In contrast to those models, in this case the vacuum is unique. This is to be expected, since the mass terms for neutrinos are the result of the BroutEnglert-Higgs mechanism in an extension of the Standard Model. Once the vacuum is fixed for the electroweak theory with Dirac neutrino mass terms, that will be the vacuum (31) of this scheme and its "uniqueness" has to be understood in this sense. Thus, massive neutrinos can be viewed as Bogoliubov quasiparticles (this analogy has been earlier suggested for Majorana neutrinos in [27] , as well as for the case of neutron-antineutron oscillations [28, 29] ).
The general framework of this quantization procedure is the method of unitarily inequivalent representations, which is the basis of many fundamental results (see, for example, [30, 31] ), including Haag's theorem [32] . It has the remarkable feature that it can relate consistently the Standard Model flavour neutrino fields with the massive neutrino fields. The procedure is developed in the Heisenberg picture.
The Hamiltonian corresponding to the Lagrangian (4) is:
where H 0 is (formally) the Hamiltonian of two massless Dirac fields and H L contains the family lepton number violating terms. Any attempt to find states of the fields Ψ l (x) is futile, as these fields are superposition of free massive Dirac fields with different masses. The physical vacuum of the theory is the one that is annihilated by the fields which diagonalize the free Hamiltonian/Lagrangian [30, 31] , and that is the vacuum of the massive neutrino fields. By exclusion, any definition of a flavour vacuum will be unphysical [21, 22] , if the latter is orthogonal to the massive neutrino vacuum. In the spirit of the method of unitarily inequivalent representations, we shall express the Hamiltonian in
The solutions of (11) are written in mode expansion, at t = 0:
where λ = ±1 is the helicity and p = |p|. The operators
l are creation and annihilation operators on a vacuum |0 ,
and satisfy ordinary anticommutation relations:
all the other anticommutators being zero. The states a † eλ (p)|0 and a † µλ (p)|0 (15) represent Standard Model (bare massless) electron and muon neutrinos, respectively. We assign family lepton number +1 to the bare neutrino states and −1 to the bare antineutrino states. In this sense, the Fock space of massless states built on the vacuum |0 is the space of flavour states.
We proceed by going to the Schrödinger picture, at t = 0, and making the identification [25, 30, 33] 
in the Hamiltonian (10).
The Hamiltonian (10), in terms of the modes of the fields (12), reads as follows:
We bring the Hamiltonian (17) to the diagonal form
by employing a two-step procedure. First we rotate the creation and annihilation operators in (17):
and similarly for the antineutrino operators, with the mixing angle θ given by (7). This is a unitarily equivalent representation of the canonical commutators (14) , meaning that the new operators are canonical:
and annihilate the same vacuum state |0 . In effect, we have introduced in this way a new set of massless Dirac fields, denoted by ψ νi (x) with i = 1, 2, such that
which satisfy
The new massless fields ψ νi do not have definite family lepton numbers due to the mixing (21) . In terms of the new operators a iλ (p) and b iλ (p), the Hamiltonian (17) reads:
, which is reminiscent of the Nambu-Jona-Lasinio Hamiltonian before diagonalization (see, for example, [33] ).
The second step is to define the following Bogoliubov transformations: (23) where
and
The coefficients in (23) obey the conditions
what insures that the transformations (23) are canonical, such that the new operators satisfy the canonical anticommutation relations
with all the other anticommutators being zero. The operators introduced in (23) define a new vacuum state, |Φ 0 ,
which represents the physical vacuum of the theory. The physical neutrino states are Bogoliubov quasiparticles, of Dirac type, with the definite masses m 1 and m 2 given by (8) . This is in accord with the diagonal expression of the Lagrangian, eq. (5). In this way, we have found the mode expansion of the free massive neutrino fields Ψ i (x, 0), i = 1, 2. The evolution of these Heisenberg fields is given by
with H in the form (18) . Thus, the physical timedependent massive Dirac neutrino fields will be expressed as:
with the spinors
The physical vacuum |Φ 0 is not annihilated by the operators a i (p), b i (p), nor by a l (p), b l (p), therefore it is a different state from |0 . Using (23) , (24), (28) and (26), we find (see, for example, [26, 29] ) that |Φ 0 is a coherent superposition, or a condensate of "Cooper pairs" of massless neutrino states:
Let us calculate the inner product of the two vacua, using (31) and taking into account (13) and (24):
which vanishes as exp −(m
2 ) dp , in the infinite momentum limit. As a result, the two vacua are orthogonal:
Consequently, the Fock spaces built on the vacua |0 and |Ψ 0 do not contain any common states. The physical Fock space is the one containing the vacuum condensate |Ψ 0 , and its elements are massive neutrino states. Can we define states associated with the fields Ψ νe and Ψ νµ ? Indeed we can, and the prescription we propose is to generalize the bona fide flavour neutrino states, defined on the bare vacuum |0 , as a † lλ (p)|0 . (Recall that in our framework, such states are unphysical.) The operators a † lλ (p) carry a definite family flavour number, and for this reason we shall adopt them as "neutrino creation operators" on the physical vacuum. Using (34) and the Schrödinger picture identification (16), Ψ ν l (x, 0) = ψ ν l (x, 0), l = e, µ, we define in an universal manner the oscillating neutrino states associated with the fields Ψ ν l ,
This definition satisfies the consistency requirement that, in the limit when the family lepton-number violating interaction vanishes (i.e. m 1 , m 2 → 0), one recovers the flavour neutrino states defined on the vacuum |0 . Using (35) together with (19) , (23) and (28), we find the expressions for the oscillating electron and muon neutrino states as superpositions of the massive neutrino states with equal momenta, |ν 1λ (p) and |ν 2λ (p) :
with the coefficients given by (24)- (25) .
The generalization to three neutrino mixing is straightforward: the flavour neutrino fields in terms of the massive fields Ψ i , i = 1, 2, 3 are written as Ψ ν l = i=1,2,3 U li Ψ i , where U li are the elements of the unitary mixing matrix. Using exactly the same procedure as above, we find the oscillating neutrino states in terms of the massive eigenstates of Ψ i :
where the coefficients α ip have the same expressions as in (24) , but this time there are three of them, with Ω ip given by the corresponding mass m i , i = 1, 2, 3.
Thus, oscillating neutrino states, associated with the fields Ψ ν l involved in the weak interactions, are naturally defined on the physical Fock space of massive neutrinos. By construction, they have inbuilt coherence, ensured by the coherence of the vacuum condensate (31) .
The oscillation amplitude between the two types of neutrinos is obtained by letting the electron neutrino state evolve and sampling the amount of muon neutrino in it at an arbitrary time t:
(39) Using (36) and (37), as well as the Hamiltonian in the form (18) and its action on the massive neutrino states
with the various coefficients and energies given by (24)- (25) . This is the general expression, valid for any values of the particle momenta and mass parameters in the Lagrangian (4). To come to a more familiar expresion of the transition amplitude, we expand (40) to the second order in m i /p. In this order, We note that the transition amplitude A νeνµ is never zero in this approximation, i.e. there is always a small portion of muon neutrino in the electron neutrino and vice-versa.
In the ultrarelativistic limit, we discard the terms of second order in m i /p and obtain We have established a one-to-one correspondence between the Standard Model massless neutrino states a † lλ (p)|0 and the physical oscillating neutrino states, defined in our prescription by a † lλ (p)|Φ 0 . The method of unitarily inequivalent representations brings out a richer dynamical picture than the simple diagonalization of the Lagrangian. The interaction leading to the effective mass terms in (4) dresses the bare flavour neutrinos and transforms them into physical states. In this process of clothing [30] , effectively encoded in the vacuum condensate, the neutrinos gain mass and loose family flavour number.
The universal definition of the oscillating neutrino states is the first step towards formulating the quantum field theoretical mechanism of their coherent production and absorption. To this end, we need to formulate their interaction in such a way as to insure unitarity and Lorentz covariance. It is also interesting to analyze whether this approach leads to enhanced corrections to the MSW effect [34, 35] . We shall consider these aspects in a future communication.
